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Summary
Objective: Finite element (FE) models of the cervical spine have been used with increasing geometric ﬁdelity to predict load transfer and range
of motion (ROM) for normal, injured, and treated spines. However, FE modelers frequently treat the facet cartilage as a simple slab of constant
thickness, impeding the accuracy of FE analyzes of spine kinematics and kinetics. Accurate prediction of facet joint contact forces and
stresses, ROM, load transfer, and the effects of facet arthrosis require accurate representation of the geometry of the articular cartilage of
the posterior facets. Previous research has described the orientations of the facet surfaces, their size and aspect ratio, and mean and max-
imum thickness. However, the perimeter shape of the cartilaginous region and the three-dimensional distribution of cartilage thickness remain
ill-deﬁned. As such, it was the intent of this research to further quantify these parameters.
Method: Vertebrae from seven fresh-frozen unembalmed human cadavers were serially sectioned and the osteochondral interface and the
articulating surface of each facet on each slice were identiﬁed. The cartilage thickness was recorded at nine equidistant points along the length
of each facet. It was observed that facets tended to have elliptic or ovoid shapes, and best-ﬁt ovoid perimeter shapes were calculated for each
facet. The thickness distribution data were used to represent the entire three-dimensional cartilage distribution as a function of one variable,
and a thickness distribution function was optimized to ﬁt the thickness distribution. The antero-posterior and medial/lateral shifts of the thick-
ness center relative to the geometric were calculated and reported.
Results: High correlation was observed between the ovoid perimeter shapes and the measured facet shapes in radial coordinates, indicating
that the ovoid approximation is able to accurately represent the range of facet geometries observed. High correlation between the measured
and ﬁtted thickness distributions indicates that the ﬁtting function used is able to accurately represent the range of cartilage thickness distri-
butions observed.
Conclusion: Utilization of a more physiologic cartilage thickness distribution in FE models will result in improved representation of cervical
spine kinematics and increased predictive power. The consistency observed in the thickness distribution function in this study indicates
that such a representation can be generated relatively easily.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Spinal degenerative disorders affect many people annually
in the United States alone, and substantial research efforts
have been expended with regard to the treatment of these
disorders1. The posterior facet joints have been shown to
play a major role in spinal diseases via cartilage degenera-
tion, arthrosis, and traumatic failure2. Computational ﬁnite
element (FE) models of the cervical spine have been
used with increasing geometric ﬁdelity to predict spinal
load transfer and range of motion (ROM) in the normal, in-
jured, and treated conditions. However, while the osseous
geometry is easily reconstructed using quantitative Com-
puted Tomography (qCT) data, the associated soft tissue
reconstructions cannot be accomplished with reasonable
ﬁdelity using this radiographic approach3. As a result, FE*Address correspondence and reprint requests to: Dr Christian
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1018modelers frequently simplify the facet cartilage as a simple
homogenous block of constant thickness extruded from the
underlying bone, which may be further simpliﬁed as a planar
surface. Our preliminary data (unpublished) indicate that
this modeling technique reduces the accuracy of FE analy-
ses with respect to spine kinematics/kinetics and the predic-
tions of internal mechanical parameters such as contact
pressure, stress, strain, etc. Accurate predictions of facet
joint contact forces and stresses, ROM, load transfer, and
the effects of facet arthrosis require an accurate anatomic
representation of the posterior facet articular cartilage
geometry.
Previous research has described the orientations of the
facet surfaces, their size and aspect ratio, and mean and
maximum cartilage4e6. The antero-posterior (AP) width
and thickness proﬁles of the facet cartilage on the mid-
sagittal plane have been described as well6. However,
a mathematical description of the entire perimeter shape
of the cartilaginous region and a fully three-dimensional
mapping of cartilage thickness across the entire facet
surface has not been reported. Therefore, the purpose of
this study was to obtain a sample of facet cartilage distribu-
tions, and from this data, provide a statistical description of
the aforementioned parameters across the sample
population.
Fig. 2. Mapping of osteochondral interface and facet surface.
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Vertebrae from seven fresh-frozen, unembalmed, human cadaver cervical
(C3eC7) vertebral columns (mean age 42: 33e50 yrs) were used in this
study. Soft tissues were removed and the individual vertebrae were isolated
by resection of the intervertebral discs and synovial joints, with particular
care taken not to disrupt the cartilaginous surfaces of the facets. Full hydra-
tion was maintained throughout the experiment with isotonic saline solution
(8.5 g/L of ACS grade Sodium Chloride, VWR International, Westchester,
PA). Each vertebra was serially sectioned in the sagittal plane from laterally
to medially in 1.0 mm increments using a diamond-bladed band saw (Model
3031 CP/N, Exakt Technologies, Oklahoma City, OK) across the entire facet.
Both the left and right superior and inferior articular facets were sectioned in
this manner. A total of 25 vertebrae from the C3 to C7 levels were used.
Levels that were observed to be damaged or degenerated were excluded.
Each slice was immediately dyed with a 1% Toluidine Blue solution
(Fisher Scientiﬁc, Fair Lawn, NJ) to delineate the osteochondral boundaries
of the articular cartilage. Individual slices were digitally photographed at 42
micron pixel resolution (5 Megapixel digital camera, Canon USA, Lake Suc-
cess, NY) along with an accompanying scale and appropriate labels were in-
corporated in the images representing the source (specimen and level) and
medial/lateral (ML) position of the slice so that three-dimensional reconstruc-
tions of facet geometry could be performed (Fig. 1). Consistent orientation
was maintained between slices.
A custom-written image analysis algorithm, coded in Visual Basic (Micro-
soft Corp., Redmond, WA) traced the osteochondral interface and the artic-
ulating surface of each facet parametrically (Fig. 2). The anterior and
posterior endpoints of each cartilage section were manually delineated,
and the cartilage thickness was calculated and recorded at nine equidistant
points along the length. The positions of the osteochondral interface and the
articulating surface relative to a perpendicular bisecting line connecting the
endpoints were recorded in order to describe the AP curvatures of both sur-
faces. This procedure was performed for each image of each facet (a total of
887 images).
The AP widths of the cartilage in each slice were registered and aligned to
map the shape of the perimeter of each facet. It was observed that facets
tended to have elliptic or ovoid shapes. Therefore, best-ﬁt ovoid perimeter
shapes were calculated for each facet consisting of two hemi-ellipses with
identical AP widths. The ML and AP widths of each facet were recorded,
as well as the ML shift (dL) of the ovoid centerline (deﬁned as the ML position
that corresponded to the maximum AP width) relative to the geometric center
(mid-span) (Fig. 3). The medial and lateral endpoints could not be precisely
identiﬁed because the facets were sectioned sagittally, resulting in a 1.0 mm
resolution for detecting the ML boundaries. The best-ﬁt boundaries were ap-
proximated by extrapolating the perimeter proﬁle and mean thickness proﬁle.
The best-ﬁt perimeter for each facet provided the basis for a modiﬁed
cylindrical coordinate system, located at approximately the location of max-
imum thickness. The thickness data were mapped from the three-dimen-
sional point cloud (x,y,t, where t is thickness) to cylindrical coordinates
(r,q,t). A transformed radius function (rratio) was then utilized:Fig. 1. Facets were serially sectioned, dyed with 1% Toluidine Blue
solution, and digitally photographed.rratioðr ;qÞ ¼ r
rperimðqÞ ð1Þ
where rperim is the radius of the facet perimeter at orientation q, such that
rratio¼ 0 at the coordinate reference position (where thickness is maximized),
and rratio¼ 1 along the perimeter. Using this technique it was possible to rep-
resent the entire three-dimensional cartilage distribution as a function of one
variable (rratio). A thickness distribution function, tﬁt(rratio), was optimized to ﬁt
the thickness distribution data:
tfitðrratioÞ ¼ tmax
h
cos
prratio
2
ik
ð2Þ
The parameters tmax and k, the maximum thickness and shape parameter
respectively, were found independently for each facet. Cartilage thickness
distributions and shape parameters for each facet were found by iteratively
minimizing the difference between the measured and idealized thickness dis-
tributions by simultaneously varying tmax, k, and the AP and ML positions of
the modiﬁed cylindrical coordinate reference frame (deﬁned as the location
of maximum thickness of the idealized thickness distribution). ThisFig. 3. Ovoid perimeter ﬁt for a representative facet. Geometric
center, ovoid centerline, and location of maximum thickness
(cylindrical coordinate reference) noted.
Fig. 4. Cartilage thickness distribution and ﬁt for a representative facet, where tmax¼ 1.00 mm and k¼ 0.48, as a function of rratio (left) and
mapped in three dimensions (right, thickness scale magniﬁed). Color surface and dots represent measured data and the black grid represents
the analytical thickness ﬁtting function.
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parameters that capably represented a wide variety of perimeter shapes and
thickness distributions (Fig. 4). The AP and ML shifts of the thickness center
relative to the geometric center and ovoid centerline were calculated and
reported (Fig. 3). Statistical signiﬁcance in the aforementioned parameters
was determined using paired t-tests between inferior and superior facets
and unpaired t-tests between levels, where P-values less than 0.05 were
considered statistically signiﬁcant. Differences between inferior and superior
facets as well as differences by vertebral level were examined. Pearson’s
correlation coefﬁcients were calculated between measured and ovoid ﬁt pe-
rimeter shapes in radial coordinates, as well as between ﬁtted and measured
thickness distributions.Table
Summary of collected data (mea
Level Facet boundary shape T
AP
width
(mm)
ML
width
(mm)
Lateral
shift dL
(mm)
Lateral
shift dL
(%)
tmax
(mm)
Superior C3 9.13
(1.61)
10.74
(2.26)
0.75
(1.65)
6.2
(15.3)
1.14
(0.42)
C4 8.64
(0.84)
11.54
(2.88)
0.57
(1.51)
5.9
(14.8)
1.13
(0.24)
C5 8.94
(0.73)
12.67
(2.40)
1.03
(1.18)
8.6
(10.0)
1.04
(0.20)
C6 8.95
(0.76)
12.15
(1.43)
1.60
(0.88)
13.3
(7.6)
0.97
(0.16)
C7 8.35
(0.41)
12.44
(2.63)
0.30
(3.04)
1.2
(22.5)
1.14
(0.17)
Mean 8.87
(1.02)
11.81
(2.37)
0.86
(1.55)
7.5
(13.4)
1.08
(0.27)
Inferior C3 9.62
(1.47)
11.84
(1.86)
0.86
(1.31)
6.6 (9.6) 0.99
(0.21)
C4 9.67
(0.89)
11.60
(2.10)
0.47
(1.21)
3.9 (9.8) 1.05
(0.25)
C5 9.42
(1.02)
12.28
(1.79)
1.27
(2.05)
8.5
(19.3)
1.14
(0.24)
C6 9.24
(1.00)
12.33
(1.32)
0.67
(1.41)
5.2
(12.2)
0.94
(0.23)
C7 9.77
(1.01)
11.55
(1.69)
1.29
(2.71)
11.1
(21.2)
0.89
(0.09)
Mean 9.52
(1.08)
11.96
(1.76)
0.65
(1.70)
4.7
(14.3)
1.02
(0.23)
P-value *0.011 0.489 0.135 0.070 0.116
P-values compare inferior and superior facets.Results
High correlation (mean r2¼ 0.96) was observed between
the ovoid perimeter shapes and the measured facet shapes
in radial coordinates (indicating that the ovoid approxima-
tion accurately represents the range of facet perimeter
geometries observed) (Fig. 3). No signiﬁcant differences
in ML facet width were found between the inferior and supe-
rior facets, but the inferior facets were found to be slightly
wider in the AP direction than their superior counterpartsI
ns with standard deviation)
hickness distribution Thickness shift
tmean
(mm)
k dLat
(%)
dLat
(mm)
dAnt
(%)
dAnt
(mm)
0.61
(0.22)
0.48
(0.12)
3.7
(13.8)
0.38
(1.38)
0.8
(4.5)
0.04
(0.56)
0.57
(0.12)
0.58
(0.10)
3.5
(17.4)
0.62
(1.71)
0.4
(3.0)
0.03
(0.32)
0.55
(0.10)
0.53
(0.12)
4.9
(18.1)
0.78
(2.30)
0.8
(5.0)
0.09
(0.57)
0.52
(0.08)
0.44
(0.10)
10.8
(9.9)
1.30
(1.30)
1.4
(6.5)
0.18
(0.74)
0.61
(0.06)
0.49
(0.15)
2.8
(17.0)
0.20
(2.24)
0.5
(1.1)
0.08
(0.17)
0.57
(0.14)
0.51
(0.12)
0.5
(16.0)
0.15
(1.87)
0.4
(4.5)
0.04
(0.53)
0.49
(0.10)
0.57
(0.13)
6.7
(13.8)
0.77
(1.84)
0.9
(5.2)
0.10
(0.62)
0.55
(0.13)
0.50
(0.07)
1.0
(11.5)
0.07
(1.50)
0.3
(9.8)
0.04
(1.01)
0.58
(0.10)
0.55
(0.13)
9.0
(23.0)
1.22
(2.41)
1.7
(2.3)
0.22
(0.30)
0.50
(0.10)
0.47
(0.11)
3.1
(24.2)
0.58
(2.89)
1.9
(5.1)
0.26
(0.61)
0.50
(0.05)
0.36
(0.10)
6.8
(29.9)
0.52
(3.10)
7.5
(10.9)
0.75
(1.01)
0.53
(0.11)
0.51
(0.12)
2.0
(19.7)
0.28
(2.28)
0.3
(6.8)
0.06
(0.73)
0.081 0.379 0.278 0.236 0.467 0.488
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Fig. 5. Facet widths by level (mean standard error).
Fig. 6. Perimeter shapes for facets with ML (abscissa) and AP (ordinate) widths of 12 mm and 9 mm, respectively, showing the range of lateral
shifts dL for the superior facets (mean 1 standard deviation). Lateral shifts of 21%, 8% (average shape), and 6% are depicted (left to right).
Lateral edge is on the left.
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Fig. 7. Range of thickness distributions due to variation in the value of k (mean 1 standard deviation), when tmax¼ 1.06 mm. Reduced values
for k represent ﬂatter thickness distributions.
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Fig. 8. Mean and peak facet cartilage thicknesses by level, with standard error.
1022 W. Womack et al.: Lower cervical spine facet cartilage thickness mapping(P¼ 0.012) (Table I, Fig. 5). At the C3eC6 levels, the loca-
tion of maximum AP width (dL) was shifted somewhat later-
ally, whereas medial shifts were observed at C7 (Table I,
Fig. 6).
The range of thickness distribution shapes represented by
the observed values of k is shown in Fig. 7. No signiﬁcant
differences in maximum or mean thickness were observed
between the superior and inferior facets overall, and the
only individual level exhibiting signiﬁcant differences was
C7 (P¼ 0.03 on maximum thickness) (Fig. 8). No signiﬁcant
differences in ﬁt parameter k were observed overall (Fig. 9),0.7
0.6
0.5
0.4
0.3
0.2
C3 C4 C5
Superior
Fig. 9. Thickness distribution ﬁt parameter k, with standard error. No signiﬁ
overall, although differences were observed at the C3 anand the modest decreasing trend as one moves caudally
represents a slight ﬂattening of the thickness proﬁles. High
correlation (mean r2¼ 0.97) was also observed between
the measured and ﬁtted thickness distributions (indicating
that the thickness ﬁtting function used is able to accurately
represent the range of cartilage thickness distributions
observed).
No signiﬁcant trends were observed in the ML and AP
shifts of the location of maximum thickness relative to the
geometric centers of the facets (Table I), and signiﬁcant
variability was observed in the location of maximumC6 C7
Inferior
cant differences were observed between inferior and superior facets
d C4 levels (P¼ 0.04 and P¼ 0.05, respectively).
1023Osteoarthritis and Cartilage Vol. 16, No. 9thickness. More variation was observed in the ML direction
than in the AP direction (Table I), which conﬁrms the gross
experimental observation of thickness variability between
subsequent slices.Discussion
AP facet widths observed fall within the range reported
by previous researchers, but the gap between the carti-
laginous boundary and the perimeter of the bony geome-
try of the facet reported by Yoganandan et al. was not
found to be present on all facets6. Some facets exhibited
a prominent gap, while others exhibited full coverage. Ad-
ditionally, it was observed that the gap varied in size and
presence between subsequent slices on individual facets.
Facet cartilage gap was generally maximized in the mid-
sagittal slice, decreasing or disappearing both medially
and laterally.
The shape of the facet cartilage thickness distributions
observed is in good agreement with the average mid-
sagittal proﬁle given by Yoganandan, using the mean
observed value of the ﬁt parameter k¼ 0.5; i.e., this work
represents a three-dimensional generalization of the mid-
sagittal case.
While the facet cartilage is generally difﬁcult to accurately
identify using radiographic methods such as qCT, the un-
derlying osteochondral interface is generally discernable.
Three-dimensional surface reconstructions based on bony
geometry frequently yield a readily identiﬁable facet region
due to the curvature of the osteochondral interface of the
facets. It is anticipated that utilization of a more physiologic
cartilage thickness distribution in FE models will result in
greater predictive accuracy with respect to cervical spine
kinematics internal mechanical parameters. The consis-
tency observed in the thickness distribution function in this
study indicates that such a representation can be generated
relatively easily, using the thickness distribution function re-
ported here and the maximum thickness from either direct
measurement or literature. While limitations of this study
include a limited number of cadavers and the presence of
degeneration on excluded levels, the independence of the
maximum cartilage thickness and the shape factor k indi-
cate that the model may be used to represent both full
and reduced thickness cartilage distributions.
It was observed that the osteochondral interfaces of the
inferior facets were more concave in the sagittal plane
than those of the superior facets, with the result that theinferior articulating surfaces were slightly concave, whereas
the superior articulating surfaces tended to be slightly con-
vex. The congruence of these mating surfaces is therefore
a function of both the shapes of the osteochondral surfaces
and the thickness distributions of the cartilage on both fac-
ets. As stated above, it is expected that facet contact pres-
sures and their distribution, and to a lesser degree spine
kinematics, will be affected by the geometry and thickness
distribution of the facet cartilage. Because the facet carti-
lage is neither ﬂat nor a constant thickness, it is expected
that oversimpliﬁcation of these geometric properties in
some currently published FE models most likely results in
mechanical parameter prediction artifact. Computational
models of the lower cervical spine that fail to account for
these factors will therefore be limited in their ability to accu-
rately predict pressures, stresses, and strains in the zygo-
physeal joints.Conﬂict of interest
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